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Abstract
BACKGROUND: Developments of alternatives to the use of chemical pesticides to control pests are focused on the induction
of natural plant defences. The study of new compounds based on liquid bioassimilable sulphur and its eﬀect as an inductor
of the immune system of plants would provide an alternative option to farmers to enhance plant resistance against pathogen
attacks such as powdery mildew. In order to elucidate the eﬃcacy of this compound in tomato against powdery mildew, we
tested several treatments: curative foliar, preventive foliar, preventive in soil drench and combining preventive in soil drench
and curative foliar.
RESULTS: In all cases, treated plants showed lower infection development, better physiological parameters and a higher level
of chlorophyll. We also observed better performance in parameters involved in plant resistance such as antioxidant response,
callose deposition and hormonal levels.
CONCLUSION: The results indicate that preventive and curative treatments canbehighly eﬀective for thepreventionand control
of powdery mildew in tomato plants. Foliar treatments are able to stop the pathogen development when they are applied as
curative. Soil drench treatments induce immune responsemechanisms of plants, increasing signiﬁcantly callose deposition and
promoting plant development.
© 2016 Society of Chemical Industry
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1 INTRODUCTION
Powdery mildews (Ascomycotina: Erysiphales) are among the
most frequently encountered plant-pathogenic fungi worldwide,
infecting leaves, stems, ﬂowers and fruits of nearly 10 000 species
of angiosperms. A broad range of economically important plants
such as grapes, tree fruits, small grains, horticultural crops and
many ornamentals are aﬀected by them.1 As they are obligate
plant pathogens, powdery mildew species need a speciﬁc host
to complete their life cycle. Oidium neolycopersici L. Kiss has been
described worldwide as the causal agent of powdery mildew on
tomato (Solanum lycopersicum L.), mainly in greenhouses, but it is
also of increasing importance on ﬁeld-grown tomato crops.2–4 It
causes typical powdery white lesions on the adaxial tomato leaf
surface, also infecting abaxial surfaces, petioles and the calyx.2–4
Severe infections lead to leaf chlorosis and premature senescence,
resulting in considerable defoliation and a marked reduction in
fruit size and quality.2,5,6
In general, research on disease control management has been
especially focused on the development of procedures and chem-
ical products to prevent or reduce the infection with preventive
treatments. Traditionally, control of powdery mildews was only
achieved by the use of active ingredients such as benomyl,
bitertanol, bupirimate, carbendazim, fenarimol, pyrazophos,
thiabendazol, triforine or various sulphur preparations.3,7 Elemen-
tal sulphur (S0) is probably the oldest of all pesticides and remains
widely recognised as a valuable fungicide for the control of pow-
dery mildews on fruit and vegetable crops. Sulphur has become
attractive as a chemical control agent owing to its negligible toxi-
city to animals and beneﬁcial insects and its low toxicity to plants,
being also a common component of integrated pestmanagement
programmes. Elemental sulphur is non-systemic, and repeated
applications are usually required to give an optimum protection.8
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Thus, a high input of S0 is required for the control of powdery
mildews, which may lead to environmental and economic losses
for the growers.
Control of plant diseases still relies mainly on the use of syn-
thetic fungicides, but growing concerns over the potential impact
of them on human health and the environment have stimu-
lated the search for alternative control strategies.9–11 Therefore,
for these reasons, as well as the danger of development of
fungicide-resistant pests, research for compounds that could be
a substitute for or reduce the input of chemicals in agriculture is
required. Biological control by using antagonist microorganisms
or biological-based products is one of the most important alter-
natives to chemicals in integrated and organic crop protection.10
Currently, much attention is given worldwide to biological and
integrated means of control of powdery mildews in greenhouse
crops, yielding reports on many potential antagonists.10,12 On the
other hand, research focused on cultivar resistance to powdery
mildews in important economically crops, such as tomato, has
also been evaluated as a potential alternative tool.3
One of the most promising alternatives to the classical treat-
ments is the induction of plant natural defences. It is well known
that, under the proper stimuli, plants are able to activate a battery
of responses that cope with the stress and usually are enough to
overcome the threat and survive.13 In the last years, several com-
pounds have been studied for their ability to induce resistance
in plants against diﬀerent stresses either by direct activation of
the defensive responses or by inducing the plants into a priming
state.14,15 Priming is a state of activation of plant defences that
leads to a faster and stronger defensive response after pathogen
attack. Some of these compounds, such as acibenzolar-S-methyl
or hexanoic acid, have proved to be eﬀective in herbaceous and
woody crops against a wide range of pests.16 Moreover, the low
toxicity of these inducers and their persistent eﬀect for several
months makes them one of the most valuable alternatives to the
classical pesticides. The resistance induced by priming agents is
usually related to the activation of defensive responses, such as
the upregulation of hormonal pathways related to defence, the
accumulation of callose deposition or the activation of antioxidant
machinery.
The study of new compounds based on liquid bioassimilable sul-
phur (LBS) (SO3) and its eﬀect as an inductor of the immune sys-
tem of plants would provide an alternative option to farmers to
enhance plant resistance against pathogen attack such as pow-
dery mildew. Preliminary studies carried out in Valencia Province
(eastern Spain) in both greenhouse and ﬁeld conditions in diﬀer-
ent horticultural crops showed that the shoot and root develop-
ment of plants treated with LSB was markedly higher than that
observed in untreated plants. Moreover, less incidence of powdery
mildewswas also observed in treated plants (unpublished results).
These preliminary results suggested that LBS may have systemic
properties inside the plant, being well distributed through the
vascular tissues. Moreover, we hypothesised that bioassimilable
sulphur could be able to induce the activation of natural plant
defences after treatments. However, no biochemical studies have
been performed yet to demonstrate these hypotheses.
Therefore, the main goal of this study was to elucidate the
eﬃcacy of LSB in tomato against powdery mildew. To this end,
O. neolycopersici has been used in combination with S. lycop-
ersium as a model to study the biochemistry and physiology
of plant–microbe–LSB interaction. Several treatments – (i) cura-
tive foliar, (ii) preventive foliar, (iii) preventive in soil drench, (iv)
combining preventive in soil drench and curative foliar – were
performed. Infection development, physiological parameters, the
level of chlorophyll and the main parameters involved in plant
resistance were monitored.
2 MATERIALS ANDMETHODS
2.1 Plant material and greenhouse conditions
Seeds of tomato cv. Montecarlo were sowed in plug trays with
96 cells ﬁlled with a mixture of 90% peat (Gramoﬂor GmbH
& Co., Vechta, Germany) and 10% perlite (P.V.P Industries Inc.,
Bloomﬁeld, OH). The plug trays were placed in a greenhouse
with controlled temperature (18–24 ∘C). Threeweeks after sowing,
tomato seedlings were transplanted to plastic pots (1 L) ﬁlled
with 500 g of peat–perlite mixture. Seedlings were grown under
greenhouse conditions (18–24 ∘C) with a 16 h light photoperiod
and watered every 3 days or as needed. The seedlings were
maintained in the greenhouse of the Department of Agricultural
Sciences of Universitat Jaume I of Castellon.
2.2 Fungal isolate and inoculum preparation
A representative isolate of O. neolycopersici (UJI1) collected from
tomato cv. Ailsa grown in a commercial tomato orchard located
in Castellon (eastern Spain) was used in this study. For inoculum
conservation, a conidial suspension of O. neolycopersici isolate
UJI 1 was prepared by washing the sporulating mycelium from
freshly heavily infected leaves with tap water.17 Subsequently,
plants of tomato cv. Montecarlo were inoculated by spraying the
conidial suspension. To induce sporulation on leaves, inoculated
plants were incubated under plastic covers at 100% RH under
greenhouse conditions (24± 3 ∘C) with a 16 h light photoperiod.
For inoculum preparation, conidial suspensions were obtained
from leaves of inoculated tomato cv. Montecarlo, which were
80–100% covered by fresh (8 days old) sporulatingmycelium ofO.
neolycopersici isolate UJI 1, as described above. The resulting spore
suspension was ﬁltered to remove mycelia and plant fragments
through two layers of cheesecloth into a 250mL Erlenmeyer ﬂask.
Theﬁltrate spore suspensionwasdilutedwith sterile distilledwater
(SDW) and adjusted with a haemocytometer to 105 conidia mL−1
and used immediately.
2.3 Eﬀect of liquid bioassimilable sulphur (SO3) on plant
growth and the plant immune system
2.3.1 Liquid bioassimilable sulphur and treatments
Liquid bioassimilable sulphur (LBS) (bioabsorbable sulphur,
SO3 – 320 g L
−1, Naturdai S-System)was provided by the company
Idai Nature SL (La Pobla de Vallbona, Valencia, Spain).
Treatments were performed when seedlings were at the
3–4-true-leaf stage by foliar applications and/or soil drench
applications at 1.5 and 2.5 cm3 L−1, respectively, according to
the manufacturer’s instructions. The following treatments and
combinations were tested: (i) foliar curative treatments applied
when the ﬁrst symptom of infection appeared after inoculation;
(ii) preventive foliar treatments applied 2 days before inoculation
and repeated once 15 days after the ﬁrst treatment; (iii) preven-
tive radicular treatments applied 2 days before inoculation and
repeated once 15 days after the ﬁrst treatment; (iv) combination of
preventive radicular treatment applied 2 days before inoculation
and curative foliar treatment applied when the ﬁrst symptom
of infection appeared after inoculation. Plants were inoculated
with O. neolycopersici isolate UJI 1 as described above. Inoculation
of all plants was made on the same day. Ten replicates (plants)
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per treatment were used. In each experiment, ten non-treated
and non-inoculated and ten non-treated and inoculated plants
were included as negative and positive controls respectively. The
experiment was repeated 3 times.
2.3.2 Disease severity, plant growth and chlorophyll content
evaluation
To evaluate disease severity, individualmature leaves of each plant
were evaluated 20 days after inoculation by scoring severity on
a rating scale of 0–4, where 0=no symptoms, 1=≤25% leaf
surface coveredwithmycelium, 2= 25–50% covered, 3= 50–75%
covered and 4=≥75% covered.
Total growth was measured on the last day of the experiment,
measuring the plant length from soil surface to apical shoot. The
chlorophyll level of the leaves of four-week-old tomato plants was
measured using a chlorophyll meter (SPAD;Minolta, Tokyo, Japan).
The three SPAD readings taken on one leaf for each of the ten
plants per treatment were averaged to represent one observation.
The results were obtained as SPAD values (arbitrary units).
2.3.3 Determination and quantiﬁcation of H2O2 and callose
deposition evaluation
Samples of ten leaves were collected for 3,3-diaminobenzidine
(DAB) staining at the end of the experiment. Leaves were cut
and put immediately in 1mgmL−1 of DAB at pH< 3 for 24 h
in the dark and were subsequently destained in 96% ethanol
and rehydrated in distilled water. DAB staining intensities were
quantiﬁed in micrographies by the number of dark-brown DAB
pixels in relation to the total pixels corresponding to plantmaterial
using Adobe Photoshop CS4 software (Adobe Systems, Inc., San
Jose, CA).
Callose deposition was determined, as described by Scalschi
et al.,18 in control and infected leaves at 20 days after inocu-
lation. Leaves were collected and incubated in 95% ethanol at
room temperature. Destained leaves were washed in 0.07M phos-
phate buﬀer (pH 7), incubated for 15min in 0.07mM phosphate
buﬀer containing 0.01% aniline blue at room temperature and
then incubated in 0.1% aniline blue 1 week at room tempera-
ture. Observationswereperformedwith an epiﬂuorescencemicro-
scope. Callose depositionwas quantiﬁed fromdigital photographs
of aniline-blue-stained leaves. Fluorescence emitted by stained
callosewasobservedunderUV light asbright yellow spots andwas
analysed as the total number of pixels usingAdobePhotoshopCS4
software. Callose intensity was expressed as the average of yellow
pixels per million pixels in digital photography.
2.3.4 Evaluation of hormones related to plant defence by
chromatographic analysis
For hormonal analysis, fresh material was frozen in liquid nitro-
gen (N, 0.5 g of the frozen tissue was homogenised in 2.5mL of
ultrapure water, and a mixture of internal standard {deuterated
abscisic acid ([2H6] ABA), deuterated salicylic acid ([
2H4] SA),
dihydrojasmonic acid (dhJA) and propylparaben} was added at
100 ngmL−1 prior to extraction. After extraction, a 20𝜇L aliquot
was injected directly into the high-performance liquid chromatog-
raphy (HPLC) system. Analyses of hormone samples were carried
out using a Waters Alliance 2690 HPLC system (Milford, MA) with
a nucleosil ODS reversed-phase column (100mm× 2mm, i.d.
5 μm; Scharlab, Barcelona, Spain; http://www.scharlab.com).
The chromatographic system was interfaced to a Quatro
LC (quadrupole–hexapole–quadrupole) mass spectrometer
Figure 1. Eﬀect of diﬀerent treatments of liquid bioassimilable sulphur on
tomato plants inoculated with O. neolycopersici isolate UJI1. The disease
rate is expressed as percentage of leaves covered by the fungi for the treat-
ments: (i) Control: uninfected and untreated plants; (ii) Ctr. Inf: infected
and untreated plants; (iii) Foliar: foliar curative treatments; (iv) Foliar prev:
foliar preventive and curative treatments; (v) Soil: soil drench preventive
and curative treatments; (vi) Soil+ Fol curat: soil preventive and foliar cura-
tive treatment. Vertical bars represent the average of ten plants± standard
error (SE), and diﬀerent letters represent signiﬁcant diﬀerences (P≤ 0.05,
LSD test).
(Micromass; http://www.micromass.co.uk). MASSLYNX NT soft-
ware v.4.1 (Micromass) was used to process the quantitative data
from calibration standards and plant samples.
2.4 Statistical analysis
Statistical analysis was performed by using Statgraphics Centurion
XVI software (Statpoint Technologies, Warrenton, VA). Data were
submitted toANOVA for population groups that followed a normal
distribution, and the means were separated using Fisher’s least
signiﬁcant diﬀerence (LSD) at 95%. It was considered that there
were signiﬁcant diﬀerences when P< 0.05.
3 RESULTS
3.1 Eﬀect of LBS on disease severity, plant growth and
chlorophyll content
All of the LBS treatments resulted in a signiﬁcantly reduceddisease
ratio in comparison with untreated control plants 20 days after
inoculation, showing a reduction in the symptoms in leaves of
between 60 and 90%, depending on the treatments (Fig. 1). Foliar
preventive treatment was the most eﬀective, reducing 90.4% of
the fungal infection in comparison with infected but not treated
plants. Foliar curative and radicular preventive treatments showed
similar eﬀectiveness by reducing the disease symptoms by 59
and 62.2%. The treatment with lower eﬀectiveness was the single
radicular preventive treatment combined with a foliar curative
application, reaching a reduction in the disease ratio of 49.8%
compared with infected but not treated plants.
Treatments by soil drench showed an enhancement of plant
growth (Fig. 2). Both treatments, preventive soil drench and
preventive soil drench combined with curative foliar treatment,
resulted in plants 13 cmhigher than infected control plants. On the
other hand, preventive and curative foliar applications resulted in
plants 4 cm higher than infected controls, but without signiﬁcant
diﬀerences from uninfected control plants.
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Figure 2. Eﬀect of diﬀerent LBS treatments on physiological parameters
measured 30 days after treatment: (A) plant height measured from soil to
apical shoot; (B) chlorophyll content expressed in SPAD units (dimension-
less). Treatments are the same as those in Fig. 1. Vertical bars represent the
average of ten plants± SE, and diﬀerent letters represent signiﬁcant diﬀer-
ences (P≤ 0.05, LSD test).
Chlorophyll levels showed signiﬁcantly higher values when soil
treatments were used. Only preventive soil drench showed signif-
icantly higher values for this parameter, resulting in an increment
of 20% compared with the rest of the treatments. However, foliar
treatments or punctual soil treatmentsdidnot showsigniﬁcantdif-
ferences with infected or uninfected controls.
3.2 Eﬀect of LSB on the levels of H2O2 and on callose
deposition
The accumulation of H2O2 in response to O. neolycopersici was
determined by using DAB staining. The H2O2 that accumulates at
the infection sites reacts with the DAB to produce a dark brown
insoluble precipitate. Infected plants treated with LSB exhibited
fewer dark brown pigments, indicating a reduction of H2O2. As
shown in Fig. 3, the reduction achieved was nearly 95% when the
compound was applied by soil drench treatments, and 75% when
the compound was applied by foliar treatments.
To assess the ability of the treatment to induce defensive
responses, we studied the eﬀect of the treatment on callose
deposition. Results obtained showed that all the treatments were
able to enhance callose accumulation upon infection (Fig. 4).
Soil preventive treatment was the most eﬀective, showing an
Figure 3. H2O2 staining, estimated by using DAB staining in the leaves
of infected tomato plants. Treatments are the same as those in Fig. 1.
Vertical bars represent the average of ten plants± SE, and diﬀerent letters
represent signiﬁcant diﬀerences (P≤ 0.05, LSD test).
Figure 4. Quantiﬁcation of callose deposition after diﬀerent treatments
of LBS. Treatments are the same as those in Fig. 1. Vertical bars represent
the average of ten plants± SE, and diﬀerent letters represent signiﬁcant
diﬀerences (P≤ 0.05, LSD test).
accumulation 16-fold higher than infected control plants, whereas
the soil preventive and foliar curative reached an accumula-
tion of callose ninefold higher than infected controls. On the
other hand, foliar treatments showed an accumulation only
ﬁve- and sixfold higher for curative and preventive treatments
respectively.
3.3 Eﬀect of LBS on the enhancement of hormones related
to plant defence
The hormonal changes in treated and infected plants were anal-
ysed in order to ascertain the mechanisms induced by the treat-
ment (Fig. 5). Foliar treatment showed an induction of salicylic acid
(SA), whereas in both soil drench treatments the levels of this hor-
mone were even lower than in untreated and infected controls.
On the other hand, drench soil preventive treatment resulted in
a signiﬁcant enhancement of jasmonic acid (JA). Moreover, the
response of abscisic acid (ABA) to the treatment was similar to
that observed in the JA, showing signiﬁcantly higher levels in
soil-drench-treated plants.
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Figure 5. Hormone levels in infected and in treated and infected tomato
plants after diﬀerent treatments with LBS. The SA (A), JA (B) and ABA (C)
levels were determined in freeze-dried material by HPLC. Treatments are
the same as those in Fig. 1. Vertical bars represent the average of ten
plants± SE, and diﬀerent letters represent signiﬁcant diﬀerences (P≤ 0.05,
LSD test).
4 DISCUSSION AND CONCLUSIONS
The eﬃcacy of sulphur as a fungicide in common agriculture was
discovered in the early nineteenth century. Since then, treatment
with sulphur dust, sulphates or sulphur derivatives has become
usual practice.19 Nowadays, sulphur and its derivatives are still
listed among the recommended products to protect tomato crop
against diﬀerent fungal pathogens, such as powdery mildews.
In the present work, we have analysed the eﬀectiveness of LBS
against O. neolycopersici in tomato plants. We have demonstrated
that, besides the well-known antifungal eﬀect of the sulphur
compounds, the bioassimilable formulation is able to induce the
natural defensive responses of the plants.
The suggested mode of action of S0 as an antifungal compound
relies on the permeability of fungal cells. This element is taken up
into the cytoplasm,where it aﬀects the oxidation state of the respi-
ratory complexes, disturbing the electron ﬂux in themitochondrial
respiratory chain, which results in the well-known fungitoxicity.8
However, our results showed better protection against O. neoly-
copersici when the compound was applied as a preventive soil
drench, suggesting that the protective eﬀect of the bioassimilable
sulphur may be related to the induction of plant defences. Pre-
vious studies have suggested that the application of sulphur can
improve the natural resistance of plants against fungal pathogens
through the stimulation of metabolic processes that involve S0,
resulting in so-called sulphur-induced resistance (SIR).20
Callose accumulation is a characteristic cellular response of
early post-invasive defences that prevents the colonisation of the
pathogen by creating a physical barrier at the site of the infec-
tion. This barrier is able to slow pathogen invasion in the attacked
tissue, giving more time to activate additional defence responses
that may require gene activation and expression.21 In this way,
Ellinger et al.22 showed that elevated early callose deposition leads
to complete penetration resistance to several powdery mildews.
It has also been demonstrated that some inducers of resistance
in plants are able to enhance callose deposition.23 Moreover, this
induced response is directly related to the level of resistance
achieved by the plant after priming treatments.24–27 Our results
showed an enhancement of callose deposition in treated plants,
especially in those treated by soil drenches, which could indi-
cate that the protective eﬀect is due to an induction of plant
defences.
In order to ascertain the implication of the defensive pathways
in the enhancement of resistance induced by the compound, the
hormonal pathways were analysed. Interestingly, diﬀerent results
were obtained, dependingon themodeof application of the prod-
uct or treatment. Whereas foliar spray resulted in slightly higher
levels of SA, soil drench applications resulted in an enhance-
ment of JA, and the accumulation of SA was repressed. SA lev-
els usually increase in response to pathogen infection, inducing
the expression of pathogenesis-related (PR) genes and resulting
in an enhancement of resistance that usually is eﬀective against
biotrophic fungi.28 However, Achuo et al.29 demonstrated that
the SA defence pathway is able to induce resistance in tomato
against Botrytis cinerea Pers. but not against O. neolycopersici.
JA is a hormone able to induce several defence responses. It is
generally accepted that JA-dependent defences are activated by
necrotrophic fungi and wounding insects. However, some stud-
ies have demonstrated that certain biotrophic fungi can trig-
ger the activation of JA-dependent responses.30 It has also been
demonstrated that the application of JA increases resistance to
O. neolycopersici in tomato.31 Our results showed that the levels
of ABA are strongly enhanced in soil-drench-treated plants. This
result agrees with previous literature, which reported a synergis-
tic eﬀect between ABA and JA and the upregulation of callose
deposition, suggesting a general role of ABA in modulating biotic
stress-induced JA responses.26–28,32 According to our results, ABA
may be acting as a signal to enhance callose deposition in SIR, as
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higher levels of callose deposition observed in soil-drench-treated
plants correlate with higher levels of ABA in the same plants.
On the other hand, plant defence usually requires compounds
that contain sulphur, such as antimicrobial peptides phytoalex-
ins, thionins or defensins, coenzyme A (as a precursor of SA)
or glutathione.20 Glutathione plays diﬀerent roles in plant
defence, such as detoxiﬁcation of herbicides or a precursor of phy-
tochelatines, which are involved in heavy metal detoxiﬁcation.33
However, the most important role of this molecule is its ability as
a redox buﬀer. During pathogen attack, reactive oxygen species
(ROS) can be produced by plant cells via the enhanced enzymatic
activity of plasma-membrane-bound NADPH-oxidases as well via
disruption of cellular homeostasis, producing oxidative damage in
membrane lipids, nucleic acids and proteins.34 At the same time,
the activity and levels of the ROS-detoxifying enzymes APX and
CAT can be suppressed by SA, producing more ROS while low-
ering its ROS-scavenging capacities.35 It has been demonstrated
that high concentrations of glutathione would confer better
antioxidant responses, which in certain tomato species correlates
with salt tolerance.34 Our results showed that in all treated plants
peroxide levels in leaves were 4 times lower than in infected
control plants, suggesting that the antioxidant machinery could
be enhanced by the treatment.
Besides all the above, sulphur is a major nutrient essential for
plant growth that is present in the amino acids and regulates pho-
tosynthesis by aﬀecting the electron transport system. Its deﬁ-
ciency can reduce the chlorophyll and Rubisco content and the
photosystem II eﬃciency.36 Treated plants showed an enhance-
ment of plant growth as well as chlorophyll content when the
compound was applied by soil drench, resulting in plants 10 cm
higher thanuninfectedhealthyplants. This result suggests that the
application of LBS not only is able to protect the plants through
induction of natural defences but also improves the physiological
performance of the plants.
In conclusion, our results reinforce the hypothesis that treatment
with LBS either by foliar spray or by soil drench applications can
be eﬀective in controlling the pathogenic fungus O. neolycoper-
sici in tomato plants. Data suggest that this compound is able to
induce resistance in tomato plants by callose deposition,modiﬁca-
tionof hormonal pathways andROS scavenging.Moreover, treated
plants exhibit higher size and chlorophyll content, suggesting
that the defensive responses induced by the bioassimilable sul-
phur do not have excessive energetic costs. Thus, these results
are interesting from the viewpoint of obtaining alternatives to
chemicals in cropprotection in an integrateddiseasemanagement
strategy.
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